is metastable at all geologically relevant pressures and that the stable reaction defining the stability limit of ferro-actinolite is 7 ferro-actinolite ‫؍‬ 14 hedenbergite ؉ 3 grunerite ؉ 4 quartz ؉ 4 water.
ferro-actinolite it is hard to make quantitative calculations involving Fe-bearing calcic amphiboles.
Only two experimental studies have been done to date on ferro-actinolite, that of Hellner and Schürmann (1966) and Ernst (1966) . Hellner and Schürmann (1966) performed syntheses along the join tremolite-ferro-actinolite in the range of 300°to 650°C at 1 kbar using autoclaves (Morey bombs). The oxygen fugacity (f O 2 ) of the autoclaves was not well defined, being only estimated as below that defined by the fayalite-magnetite-quartz (FMQ) buffer. The emphasis of their study was in examining the extent of solid solution and upper-thermal stability of Fe-Mg-actinolite. They reported that ferro-actinolite was stable up to about 570°C at 1 kbar. Aside from a few selected X-ray diffraction d-spacings, Hellner and Schürmann (1966) performed little characterization of their synthetic amphiboles. In the same year, Ernst (1966) reported experimental results specifically for the end-member ferro-actinolite (referred to by Ernst, 1966, as ferrotremolite) . His study focused specifically on the stability of ferro-actinolite over a range of pressures and temperatures and used the technique of reaction reversal. Ernst (1966) paid considerable attention to defining the ambient f O 2 with a variety of oxygen-fugacity buffering assemblages and to characterizing the synthesis products. With the f O 2 defined by either the iron-magnetite(IM) or FMQ buffers, Ernst (1966) determined the stability of ferro-actinolite at 1 kbar to be at 460°C, or nearly 100°C less than that observed by Hellner and Schürmann (1966) . The experimental reversals reported by Ernst (1966) on the breakdown of ferro-actinolite over the range of 0.5 to 3.0 kbar have been widely accepted as the definitive data from which the thermodynamic properties of ferro-actinolite have been derived (for example, Berman, 1988; Gottschalk, 1997; Holland and Powell, 1998) .
Several scientific and analytical developments have occurred over the past 37 years, which have prompted a second look at the landmark study by Ernst (1966) . First, experimental studies on the iron-rich amphibole grunerite (Fe 7 Si 8 O 22 (OH) 2 ) by Forbes (1977) and Lattard and Evans (1992) have demonstrated that grunerite has a higher thermal stability than ferro-actinolite, as shown in figure 1. This observation, coupled with a Schreinemakers analysis of the invariant-point assemblage ferroactinolite, grunerite, fayalite, hedenbergite, quartz, and water in the system CaO-FeOSiO 2 -H 2 O in the pressure-temperature (P-T) plane ( fig. 2) , suggests that the ferroactinolite boundary studied by Ernst (1966) may be entirely metastable with respect to reactions involving grunerite. Figure 2 indicates that the invariant point may actually lie below 1 atmosphere of pressure, as will be shown below. Second, derivation of the thermochemical properties ⌬H f o and S°of ferro-actinolite from the experiments of Ernst (1966) lead to a calculated invariant-point P-T array that contradicts the theoretical array expected from Schreinemakers analysis, assuming the thermodynamic properties of hedenbergite, fayalite, quartz, and water are well established. In particular, the relatively shallow dP/dT slope of the actinolite breakdown curve in figure 1 leads to ⌬H f o and S°values for ferro-actinolite that cause the positions of the Qtz-absent and Fay-absent curves to be switched. Third, the extremely fine grain size of synthetic ferro-actinolite, recognized also by Ernst (1966) , has long posed a major impediment to its characterization. Figure 3 shows a transmission electron microscope (TEM) image of some of the synthetic actinolite formed in this study. Typically the actinolite grains only attain widths of 0.1 to 0.5 m, which provides a volume of about 0.03 m 3 for the production of characteristic X-rays. This size range is only 20 to 40 percent of the lateral dimensions, or about 3 percent of the volume (assuming it is a simple sphere), of the characteristic X-ray excitation volume produced by ferroactinolite when analyzed at 15 keV (Reed, 1975, eq 12.28) and necessitates the resolving capabilities of an analytical electron microscope (AEM) to obtain reliable chemical analyses. Another technique that has been applied to fine-grained synthetic amphiboles over the past 15 years is that of X-ray diffraction Rietveld crystal structure refinement, which is capable of providing information from powder diffraction patterns similar to that obtainable from single-crystal refinements. This technique has been used to determine the Ca content of the synthetic actinolite formed in this study both directly, from the differences in the X-ray scattering powers of Ca and Fe, and indirectly using the proportions of the phases, which are calculated from the refined scale factors for each mineral, and the known bulk composition of the mixture. For these reasons we believe a re-investigation of the upper-thermal stability of ferroactinolite and its characterization is warranted.
methods

Experimental Apparatus and f O 2 -buffering Technique
Experiments at 1 to 2 kbar were conducted in cold-seal vessels using water as the pressure medium. Temperatures were measured with Inconel-sheathed chromelalumel thermocouples inserted into an external thermocouple well and calibrated against the melting points of Sn (231.9°C), LiCl (605°C), and NaCl (800.5°C). Pressures were monitored with bourdon-tube gauges with an estimated uncertainty of Ϯ 50 bars; cited pressure uncertainties include pressure accuracy and any variation in pressure that might have occurred during the experiment. The vessels and filler rods were constructed of the Ni-rich alloy René 41, which buffers the f O 2 near the Ni-NiO buffer. Most experiments were performed using a conventional double-capsule technique (for example, Chou and Cygan, 1990) to control the f O 2 , where an outer capsule of Au contained the buffer ϩ water (120 mg buffer to 7-15 mg H 2 O) which surrounded a Ag 50 Pd 50 inner capsule containing the sample ϩ water (10 mg of sample (1977) . Phase abbreviations same as in table 2. properties of ferro-actinolite: A re-investigation to 2.5-4 mg of H 2 O). The Co-CoO and IM buffers were used for most of the experiments in this study, with the latter converting spontaneously to wüstite plus magnetite (WM) above 550°C ( fig. 4) . Some experiments were performed using only the vessel to buffer the f O 2 (ϳ Ni-NiO buffer) and a few experiments were made using a quartz ϩ iron mixture which reacted to fayalite ϩ quartz ϩ magnetite to buffer the f O 2 to that of FMQ. The locations of these buffers in log f O 2 -T space at a total pressure of 2 kbar are shown in figure 4, along with several other commonly used buffer assemblages. The stability field of fayalite ϩ quartz is shown by the hachured field on figure 4.
As discussed by Chou and Cygan (1990) , the use of a solid redox buffering assemblage at a fixed P and T is not necessarily a guarantee that redox equilibrium is achieved or maintained when experimental conditions are of long duration, high temperature, or involve a large difference in hydrogen fugacity between the pressure medium and the buffer assemblage. Given the long durations of the experiments performed in this study, an attempt was made to minimize the hydrogen-pressure gradient between the buffer and the external pressure medium by placing a short Fig. 2 . Schreinemakers analysis of the invariant point array involving ferro-actinolite, grunerite, hedenbergite, fayalite, quartz, and water that is consistent with the previous experimental data shown in figure 1. Curves are labeled with the phase or phases that are missing (in brackets) from the invariant assemblage as well as the reaction number (circled) as listed in the text. Here the invariant point is estimated to lie below 1 atmosphere implying that the existing experimental data on the upper-thermal stability of actinolite has been obtained on the metastable (dashed) portion of the grunerite-absent (Grun) curve. The formation of ferrosilite (Fs) limits the stability of fayalite and quartz. Inset shows the compositions of the phases plotted on a portion of the ternary plane CaO-FeO-SiO 2 projected from H 2 O. length of iron rod next to the capsule inside the cold-seal vessel. Oxidation of the iron rod caused the release of hydrogen inside the vessel. For example, the partial pressure of hydrogen generated by the Co-CoO buffer at 2 kbar and 500°C is 6 bars (Chou, 1978) while for the IM buffer it is 1390 bars (thermodynamic data of Holland and Powell, 1998) , using a hydrogen-fugacity coefficient of 1.63 (Shaw and Wones, 1964) . At these conditions, the partial pressure of hydrogen generated by the vessel (Ni-NiO buffer) is only 1.5 bars (Holland and Powell, 1998) . The exact amount of hydrogen produced during oxidation of the iron rod was not measured, but there was often a noticeable increase (50-100 bars) in the total pressure in the cold-seal vessel, which was attributed to the production of H 2 gas. For each experiment, the solid buffer was retrieved and scanned with the X-ray diffractometer to confirm that the buffer was not expended.
Experiments at 3 to 6 kbar were performed in internally-heated gas vessels using Ar as the pressure medium. Details of the temperature and pressure measurement and Fig. 3 . TEM image of synthetic actinolite formed in this study (sample FETR 11-2-3, synthesized at 416°C, 2.02 kbar, for 2927 h). The image consists primarily of actinolite crystals, which have been dispersed onto a holey-carbon substrate. The equant grain to the left of center is hedenbergitic pyroxene. The scale bar is 0.2 m.
uncertainties were described by Quirion and Jenkins (1998) . Most of the experiments were made using the same double-capsule configuration mentioned above. Even though Ar was used as the pressure medium there is sufficient moisture absorbed in the refractory cement inside the internal furnace to provide a relatively oxidizing medium by the dissociation of water to hydrogen and oxygen. To reduce this relatively high f O 2 , an open capsule containing ferrocene (FeC 10 H 10 ) was placed next to the double-capsule which, at the temperature of the experiment, broke down to iron and carbon and released hydrogen into the vessel. Sufficient ferrocene was used to produce a partial pressure of hydrogen of approximately 50 bars.
Several experiments were performed at approximately 10 kbar using a 1 2 -inch diameter piston-cylinder press using a NaCl pressure assemblage. Details of temperature measurement and pressure calibration of this assemblage are given in Quirion and Jenkins (1998) .
Starting Materials
Most of the starting mixtures were made from mixtures of reagent grade SiO 2 , Ca(OH) 2 , and metallic Fe. The SiO 2 was poorly crystalline cristobalite obtained by heating silicic acid in air at 1100°C for ϳ24 hours. The Ca(OH) 2 was formed by reacting CaO, made from freshly decarbonated CaCO 3 , with water followed by drying at 110°C. A check was made on the stoichiometry of the Ca(OH) 2 made in this manner by observing the mass loss on dehydration in air. Finely powdered (Ͻ10m diameter) metallic Fe was used to provide an initially reducing atmosphere in an attempt to maximize the ferrous iron in the amphibole. Oxidation of Fe occurred by reaction with the water that was sealed with the starting mixture inside the capsule. One mixture was made using CaCl 2 as the source of Ca and one was made using FeBr 2 as the source of Fe, to judge the effect of halogens on the formation of ferro-actinolite. Table 1 lists the bulk compositions investigated in this study. Fig. 4 . Plot of the log 10 f O 2 versus temperature at a total pressure of 2 kbar for a variety of oxygen buffers discussed in this study. Buffers used in this study are shown in bold. Shaded area shows the stability field of fayalite ϩ quartz. These curves were plotted using the equations given by Chou (1978) and Chou (1987) .
X-ray Diffractometry
Powder X-ray diffraction patterns were obtained after each treatment of the experimental charges using a Philips PW3040-MPD automated diffractometer with Cu K␣ radiation fitted with a diffracted-beam monochrometer to filter out fluorescent X-rays, operated at 40 kV and 20-40 mA. Large-volume samples (ϳ200 mg) were analyzed with the full-pattern Rietveld structure refinement method on step scans obtained over the range of 8 to 100°2⌰ using step intervals of 0.05°2⌰ and counting times sufficient to obtain 1000 to 2000 counts on the most intense peaks. Rietveld refinements were performed using the program DBWS-9411 (Young and others, 1995) according to the method used by Jenkins and Hawthorne (1995) . The amount of sample used in an experimental reversal was too small (5-10 mg) for a full-pattern analysis. In this case a simple comparison of X-ray diffraction peak heights on patterns that were scanned slowly over the range of 27 to 34°2⌰ was sufficient to judge the extent of reaction. In particular, the actinolite (310) at 28.2, grunerite (310) at 29.0, hedenbergitic pyroxene (2 21) at 29.8, fayalite (031) at 31.6, and actinolite (151) at 32.7°2⌰ were measured relative to a tangent background. Four replicate scans of the starting mixture were made to establish the reference peak-height ratios and their standard deviations. If the peak-height ratios of the experimental products differed by three standard deviations or more from the starting materials then they were considered statistically different. Because amphiboles often display preferred orientation of the (hk0) reflections, ratios involving the actinolite (151) rather than the (310) were found to be more systematic, so long as interference from the grunerite (151) was not significant.
TEM Analyses
Transmission electron microscopy (TEM) was performed at the Central Facility for Advanced Microscopy and Microanalysis of the University of California at Riverside with a FEI-Philips CM300 microscope operating at 300 kV accelerating voltage, equipped with a LaB 6 electron gun, and EDAX energy dispersive spectrometer (EDS).
Samples were prepared by putting some of the unground crystal aggregates in distilled water, dispersing them using ultrasonic agitation, and depositing a drop of the resulting suspension onto Cu grids coated with a thin (5 nm thickness) holey carbon support film. Selected-area electron-diffraction (SAED) patterns and high-resolution (HRTEM) images were obtained from 7 to 10 crystals from each sample in order to study their structure and defects.
The selected crystals were imaged with the electron beam perpendicular to the b* axis, thus allowing for determination of the chain-multiplicity fault (CMF) type and (Ahn and others, 1991) . Details about imaging and interpretation are given in Jenkins and others (2003) .
The compositions of all crystals studied by HRTEM as well as additional 15 to 20 grains per each sample were determined quantitatively by EDS analyses, utilizing experimentally determined k-factors and following the procedure described in Bozhilov and others (1999) .
results
Reconnaissance Experiments
A relatively large number (Ͼ50) of reconnaissance experiments were performed in this study to determine what factors were most important in promoting the growth of ferro-actinolite-rich amphibole. Experiments were done over the range of 400°to 600°C and 2 to 10 kbar with bulk Ca contents of 1.6 to 2.0 apfu and with the f O 2 buffered mostly by Ni-NiO and IM ( fig. 4) . Several other factors were briefly examined, including the use of one experiment to act as seed material for another, the effect of extensive grinding, and the use of various halides (CaCl 2 , FeBr 2 ). Selected reconnaissance experiments are listed in table 2.
The highest yields of actinolite were obtained at temperatures Յ 425°C. Very little nucleation of actinolite, as discerned from the X-ray diffraction patterns, occurred at higher temperatures, with no nucleation at temperatures above 500°C. Actinolite formation was favored at lower pressures (Յ 3 kbar); experiments above 3 kbar strongly favored grunerite formation, as discussed at greater length below. The range of Ca contents of the bulk compositions investigated here did not appear to have a strong influence on the nucleation of actinolite. It is important to point out that at no time was a pure yield of ferro-actinolite obtained. Hedenbergitic pyroxene was always observed coexisting with actinolite, suggesting that the Ca content of the bulk starting mixture was too high. Unfortunately, lowering the Ca content promoted growth of grunerite concomitant with the decrease in pyroxene. This phenomenon is well illustrated in table 3, which lists the proportions of phases as determined by XRD Rietveld refinement encountered in the three highest-yield actinolite syntheses. In fact it was generally difficult to synthesize actinolite without also forming grunerite. Particularly revealing was the observation of this "coupled nucleation" phenomenon at 500°C, the maximum temperature at which actinolite nucleated, which is best seen by comparing the results of experiments FETR 3-31-1 with 6-13-1 and FETR 3-34-1 with 6-16-1 (table 2) . Because grunerite formed in some of the 500°C experiments without any apparent actinolite (FETR 6-10, 6-15-1), it may be that actinolite nucleation was stimulated by grunerite nucleation.
Severe grinding in a mechanical agate mortar was found to help actinolite growth once seeds of actinolite were formed. This effect is shown in figure 5 , where the proportions of actinolite and hedenbergitic pyroxene are plotted against the treatment duration (in days) for the FETR 3-35-series of syntheses. In the first two treatments at 14 and 32 days no exceptional grinding was done, other than to break up the sample for the purposes of X-raying or mixing. It should be noted that mixing additional starting material (50 wt%) in with the products of the first treatment at day 14 produced a modest (ϳ15 wt%) increase in actinolite in the second treatment at day 32. Severe grinding (45 min.) was done after the second treatment, which produced the largest increase in actinolite (from 44 to 64 wt%) at day 46. These results suggest that amphibole nucleation is not so much the rate-limiting step as is the presence of some physical barrier (presumably grain-boundary armoring) which, when removed after grinding, allowed the largest increase in actinolite growth. Unfortunately additional grindings of 1 and 2 hour durations after the treatments at day 46 and 60, Table 2 Selected results of ferro-actinolite reconnaissance synthesis experiments, ranked in order of increasing temperature and increasing pressure a The symbol "/Fe rod" indicates the presence of a short length of Fe rod next to the sample capsule inside a cold-seal vessel experiment. The symbol "/Ferrocene" indicates the presence of ferrocene placed next to the sample capsule inside a gas-vessel experiment.
b Phase abbreviations: Act ϭ actinolite; Crist ϭ cristobalite; Fay ϭ fayalite; Grun ϭ grunerite; Hed ϭ hedenbergitic pyroxene; Hem ϭ hematite; Ilva ϭ ilvaite; Mt ϭ magnetite; Qtz ϭ quartz. Phases listed in approximate order of abundance; phases in brackets are present in trace (Ͻ5 wt%) amounts. Other abbreviations: dec. ϭ decreased; inc. ϭ increased.
respectively, did little to promote further actinolite growth. The first grinding achieved essentially the maximum yield of actinolite.
The effects of oxygen fugacity and of the presence of halides were only examined briefly. Several experiments suggested that actinolite was favored over grunerite during oxidation. This fact is best seen in table 2 by comparing FETR 6-12-1 with its b Three treatments were performed on this synthesis with severe grindings (1 Ϫ 1.5 hrs with a mechanical mortar) between the 2 nd and 3 rd treatments. A short length of iron rod had to be placed next to the sample capsule to help keep the f O 2 below that of the cold-seal vessel (ϳNi-NiO) to prevent the formation of ilvaite.
c The whole-pattern and actinolite agreement indices R P , R WP , R Exp , GoF, DWD, and R B (Act) are as follows: for FETR 3-35-5 they are 12.4, 16.7, 12.2, 1.35, 1.07, and 5.5; for FETR 11-2-3 they are 12.7, 16.5, 12.4, 1.31, 1.14, 4.8; and for FETR 6-19-5 they are 13.0, 17.0, 12.5, 1.33, 1.04, and 4.8, respectively. re-treatment, FETR 6-12-2, at 475°C. The latter experiment experienced greater oxidation, as evidenced by the loss of fayalite and growth of magnetite, along with a distinct increase in actinolite and reduction in grunerite. Evans and Yang (1998) documented that about 3 percent of the iron was ferric in the most iron-rich actinolite that they studied, even after hydrothermal heat treatment at 700°C on the C-CH 4 buffer. Because the oxygen fugacity was restricted to the range where fayalite and quartz are stable for most of the experiments made in the present study, the full effects of variable oxidation were not explored. Similarly, only a couple of experiments were performed using CaCl 2 or FeBr 2 as the source of Ca and Fe, respectively. In both cases no Ca-bearing phase was observed, indicating that Ca was effectively sequestered into the ambient brine and suggesting that a less-soluble form of Ca should be included in any future experiments involving these salts.
Formation and Composition of Actinolite in the Highest Yield Syntheses
The highest yields of actinolite were made at about 420°C and 2 kbar with the f O 2 fixed approximately at the Ni-NiO buffer (just above the stability of fayalite) by multiple treatments of the starting mixtures, with intermittent grindings. Actinolite formed from the three bulk compositions considered in this study are listed in table 3. Several things should be noted. First, the highest yield of actinolite for any bulk composition was only about 70 percent, despite multiple treatments for durations approaching a half year in length. By investigating three different bulk compositions, it was anticipated that a systematic change in coexisting mineralogy would be observed, even if a pure actinolite yield was not obtained, that would permit its Ca content to be deduced. What is more surprising is that FETR 11-2-3 and 6-19-5 with bulk Ca contents of 1.8 and 1.6, respectively, yielded phase assemblages that violate the Gibbs phase rule for divariant equilibrium (including ferric iron in the system) by having the six-phase assemblage actinolite, hedenbergitic pyroxene, quartz, magnetite, grunerite, and fluid. The inability to obtain an essentially pure amphibole yield at one bulk composition and the presence of non-equilibrium assemblages suggests that some chemical or physical barrier prevents the complete growth of actinolite or the attainment of equilibrium even after severe grinding. Another possibility is that a very narrow range of f O 2 conditions are needed to allow actinolite growth without grunerite growth. Second, the FETR 11-2-series, with a bulk composition of 1.8 Ca apfu, formed ilvaite (CaFe 2 Fe 3ϩ OSi 2 O 7 (OH)) if treated in the same manner as the other two bulk compositions. It was found that using a short length of iron rod next to the capsule to draw down the f O 2 slightly below the Ni-NiO buffer, but still above the FMQ buffer as demonstrated by the coexistence of quartz and magnetite without fayalite in the sample, prevented the formation of ilvaite. The appearance of ilvaite in the FETR 11-2-series can be explained by the Ca:Fe ratios: the amphibole bulk composition has a Ca:Fe ratio of 1.8:5.2, whereas ilvaite, on a constant Ca basis, has the ratio 1.8:5.4. If the amphibole contains ferric iron, as suggested by the study of Evans and Yang (1998) , then the compositions will be even closer. Apparently the presence of the iron rod kept the f O 2 low enough to prevent oxidation of 1 3 rd of the ferrous to ferric iron and thereby prevented the formation of ilvaite.
Four different techniques were used to assess the Ca and Fe contents of the actinolite formed in these high-yield experiments. The first, and most direct technique, was the determination of the compositions of individual crystals of actinolite using the TEM. These results are shown graphically in figure 6 as histograms of the Ca contents of 20 to 30 individual grains from each synthesis. One can see that there is a large spread in the Ca contents, with some grains having such a low Ca content that they are better thought of as Ca-rich grunerite than ferro-actinolite. This same phenomenon has been observed in the formation of synthetic tremolite (Ca 2 Mg 5 Si 8 O 22 (OH) 2 ) by Bozhilov and others (2004) , where extremely Ca-poor amphibole (Ca-rich cummingtonite) can be observed as a pre-cursor to a more Ca-rich amphibole that forms later. Median values of the Ca contents are shown by the vertical arrows, rather than averages, because of the skewed (non-normal) distributions shown by these plots. There does not appear to be any obvious correlation between the median value and the bulk composition of the starting material. In all cases the synthetic amphiboles are not pure ferro-actinolite (Ca ϭ 2.0 apfu). What is not clear is how representative these plots are of the true population of grains in the syntheses.
Second, the unit-cell volume of actinolite in this simplified chemical system should be readily related to composition, assuming an accurate calibration of this volume-composition relationship can be established. Figure 7 is a plot of unit-cell volume for end-member grunerite and ferro-actinolite based on data reported in the literature. Volumes for grunerite are those reported by Klein and Waldbaum (1967, square) and by Hirschmann and others (1994, circle) . Volumes for ferro-actinolite are extrapolations of volume data for natural Mg-Fe-rich actinolites to the pure Fe end-member. Evans and Yang (1998, triangle) report a volume for ferro-actinolite of 942.8 Å 3 that is consistent with the cell dimensions of the actinolites that they studied. We have combined the unit-cell volumes for actinolite with less than 2 weight percent Al 2 O 3 reported by both Evans and Yang (1998) and by Verkouteren and Wylie (2000) and fitted these, by least-squares regression, to the equation V(Å 3 ) ϭ 906.8(Ϯ 0.2) ϩ 19.5 (Ϯ 1.9) ⅐ X Fe ϩ 17.8(Ϯ 2.5) ⅐ (X Fe ) 2 , where the uncertainty in each coefficient is shown in parentheses and X Fe is the cation ratio Fe/(FeϩMg). Extrapolation of this equation yields a volume of 944 Ϯ 3 Å 3 (284.2 Ϯ 0.9 cm 3 /mol) for end-member ferro-actinolite, shown by the diamond in figure 7. An additional factor in deriving a volume for ferro-actinolite from Fe-Mg-Mn-bearing actinolite is the effect of variable Ca content (for example, Gottschalk and others, 1999) ; however, the three most Fe-rich actinolites reported by Evans and Yang (1998) and Verkouteren and Wylie (2000) , which exert the strongest control on the extrapolation to pure ferro-actinolite, have Ca contents of 1.96 to 1.99 that are very close to the ideal value of 2.00. The diagonal dashed line in figure 7 is the straight-line interpolation between the averages of these end-member estimates, which is clearly a first-order approximation to the volume-composition relationships along this join given the strongly non-ideal mixing that exists between ferro-actinolite and grunerite (see below). The unit-cell volumes for the actinolites observed in this study are very similar (938-939 Å 3 ) which, according to figure 7, give Ca contents of 1.35 to 1.45 apfu. It is stressed that estimating compositions in this manner is based on the assumption that the volumes vary linearly in figure 7, which is an assumption that will clearly need to be tested with additional volume data for this join.
Third, the Rietveld refinement technique allows one to derive the atomic site occupancies based on differences in X-ray scattering factors. For the actinolite formed in this study, this amounts to the variation of Ca and Fe in the M4 site. Table 3 lists the Ca content determined from Rietveld refinements. The relatively large uncertainties associated with this method are probably related to the relatively low concentration of Fig. 7 . Proposed relationship between unit-cell volume and composition of amphiboles along the join grunerite-ferro-actinolite assuming linearity (dashed line). Volumes for end-member grunerite are: circle ϭ Hirschmann and others (1994); square ϭ Klein and Waldbaum (1967) . Volumes for end-member ferroactinolite are: triangle ϭ Evans and Yang (1998); diamond ϭ extrapolated from the volume data given by Evans and Yang (1998) and by Verkouteren and Wylie (2000) for amphiboles with less than 2 wt% Al 2 O 3 . Vertical arrows indicate the range of volumes observed for actinolite made in this study, while the horizontal arrows indicate the corresponding Ca contents. Uncertainties are size of symbol if not shown explicitly.
amphibole in these samples. Nevertheless, it is an independent estimate of the Ca content of the actinolite.
Finally, one can calculate the Ca/Fe ratio of the actinolite using the modal proportions of the phases present in the sample, as derived by the Rietveld refinement process, and the known bulk composition of the mixture. By assuming that the compositions of all phases except actinolite are known (including minor solid solution in hedenbergite and grunerite, see below), you can calculate the composition of actinolite needed to match the composition of the bulk starting mixture for known weight percentages of all of the phases. This calculation can be made even more precise if one simply considers the Ca/Fe ratio of the bulk composition, which eliminates quartz from the calculation scheme. The derived Ca contents of the actinolite based on this bulk composition method are listed in the column labeled "BC" in table 3. It should be mentioned that the weight percentages of the phases determined by the Rietveld technique are largely dependent on the scale factors of the phases which, in turn, are only weakly dependent on the small compositional variations considered here; it is essentially an independent technique.
The last column in table 3 lists the average Ca contents based on these four techniques. They range from 1.59 to 1.72 apfu and do not appear to show any clear correlation with bulk composition. The overall average Ca content for all of the samples is 1.67 apfu with an uncertainty (1 ) of Ϯ 0.25 apfu. This Ca content will be the one that will be used in subsequent thermodynamic calculations.
Chain-multiplicity Faults in Actinolite
Chain-multiplicity faults (CMF's) could potentially affect the bulk Ca, Fe, and Si content, as well as the thermodynamic properties, of the host amphibole if they are present in sufficient abundance. They have been found in considerable abundance in tremolitic amphibole synthesized, for example, at 700°C and 5 kbar for 936 hours where AЈ(2) ϭ 0.81(7) (ϭ 1.00 for ideal amphibole) and have been cited as the cause for variations in the bulk Ca:Mg ratio of the amphibole (Maresch and others, 1994) . We have examined selected crystals from the actinolites listed in table 3 and list their chain multiplicities in table 4. A representative HRTEM image is shown in figure 8 , where one triple-chain CMF is visible. It is readily apparent that there are very few non-double chains in these amphiboles as seen by the very high AЈ(2) values (Ͼ 0.98). Single-and triple-chain CMF's are present in approximately equal concentrations. Wider chains are only rarely observed and, consequently, they are simply listed as AЈ(n) chain multiplicities. For comparison, tremolitic amphiboles formed at high pressures and temperatures have AЈ(2) values that are about 0.95 with the most abundant CMF being triple chains (Bozhilov and others, 2004) . Table 4 Chain-multiplicity faults listed as the average of n number of crystals analyzed for the actinolites listed in Table 3 a The ratio of the silica-tetrahedral chains with a particular multiplicity (i) relative to the total number of tetrahedral chains in the crystal. AЈ(n) represents all chains with a multiplicity greater than 3. Uncertainties in the last decimal place are indicated in parentheses.
Composition of Hedenbergitic Pyroxene
Hedenbergitic pyroxene appeared in almost all of the actinolite synthesis experiments done in this study. As with actinolite, this pyroxene can experience limited substitution of Ca for Fe on the M2 crystallographic site between the end-member pyroxenes hedenbergite (CaFeSi 2 O 6 ) and ferrosilite (Fe 2 Si 2 O 6 ). The unit cell volumes determined for the hedenbergitic pyroxene in this study are consistently 450.8(2) Å 3 which is virtually identical to that of pure hedenbergite which is reported in the literature to have a cell volume of 450.6 Å 3 (Cameron and others, 1973) or 450.77 Å 3 (Redhammer and others, 2000) . However, individual hedenbergitic pyroxene crystals formed at 420°C in FETR 3-35-3 and FETR 11-2-3 were analyzed with the TEM and found to have an average Ca content of 0.94(7) apfu and Fe content of 1.06(6) apfu on the basis of 6 oxygens. This small degree of solid solution is consistent with what Ernst (1966) observed (0 -9 mol% ferrosilite, or Fe ϭ 1.00 -1.09 apfu) for experiments Fig. 8 . HRTEM image down the [100] of a synthetic actinolite crystal made at 416°C and 2.02 kbar for 2927 hours (FETR 11-2-3, table 3). The silicate double-chains are imaged as bright spots arranged along straight lines running parallel to c*; the spacing between them is approximately 9 Å. One triple-chain CMF imaged as two closely spaced bright lines can be seen near the top of the image (marked by a black arrow).
conducted below ϳ 540°C. Similarly, the calcic-clinopyroxene coexisting with ferrosilite in a Mg-free system is calculated to be shifted slightly from pure hedenbergite with Fe ϭ 1.04 to 1.07 apfu over the temperature range of 420°to 520°C according to the program QUILF (version 6.42, Andersen and others, 1993) . For this study, we will assume that the composition of the hedenbergitic pyroxene along the actinolite dehydration boundary is essentially constant and of the composition Ca 0.94 Fe 1.06 Si 2 O 6 .
Experimental Reversals
Experimental reversals demonstrating the growth of products at the expense of reactants, and vice versa, were obtained for the reaction: 
This reaction is the same reaction studied by Ernst (1966) . This reaction was investigated using two different starting materials at two different oxygen buffers. The first starting material consisted of the products from experiment FETR 11-3-1 listed in table 2. It has the bulk composition Ca 1.8 Fe 5.2 Si 8.0 O 22 (OH) 2 and consists of the univariant assemblage of reaction (1) plus a small amount of metallic iron. Experiments conducted with this starting mixture had the f O 2 buffered by the assemblage Co-CoO which induced the iron to oxidize and react quickly (first 2-3 days) with quartz to form fayalite, as observed in some failed experiments that were quenched soon after they were started. The results of the reversal experiments made with FETR 11-3-1 are listed in table 5 and shown graphically in figure 9. The reaction direction was determined by comparing the relative peak heights of the X-ray powder diffraction patterns of the starting materials with those of the experimental products as described in the Methods section above. The location of the boundary for reaction (1) was readily determined from the ratio of the actinolite (310) to hedenbergitic pyroxene (2 21) diffraction peaks, which are the only two phases that contain significant Ca. A change of at least 2 in the peak-height ratio relative to the starting mixture was considered necessary to provide a reliable reaction-direction signal. This ratio is listed in the fifth column of table 5 for each experiment, while that of the starting mixture is given in the footnote to the table.
At pressures above 3 kbar, within the region shown by the dashed boundary in figure 9 , strong nucleation and growth of grunerite occurred even though grunerite was not present initially in the starting mixture. Indeed, the growth of grunerite was so strong at 5 kbar and 512°to 530°C that all of the fayalite was consumed and may have weakened the growth of actinolite by limiting the availability of this reactant. The actinolite breakdown boundary shown in figure 9 has been calculated thermodynamically as discussed below.
The second starting material was the products from experiment FETR 6-17-1, synthesized at 498°C and 1.95 kbar for 1182 hours, or the products from the experiment FETR 6-18-1, synthesized at 474°C and 1.97 kbar for 816 hours, both treated approximately at the Ni-NiO buffer. Both of these starting materials have the bulk composition Ca 1.6 Fe 5.4 Si 8.0 O 22 (OH) 2 and contained an invariant assemblage consisting of the phases in reaction (1) plus grunerite and magnetite. Experiments conducted with these starting mixtures were buffered by the assemblage IM or WM, depending on the temperature that caused the magnetite to react with quartz to form fayalite. The presence of grunerite is probably a result of the higher Fe content of this starting mixture compared to FETR 11-3-1 and, unfortunately, provides one too many phases for investigating reaction (1) as a simple univariant reaction. Nevertheless, experiments were conducted with these starting mixtures to provide (a) a direct comparison of the relative thermal stabilities of grunerite and actinolite, and (b) provide a determination of the Ca-saturated grunerite stability boundary. For the Ca-free system this latter reaction is: 
Addition of Ca to grunerite will shift the boundary to slightly higher temperatures compared to the Ca-free system (Ghiorso and Evans, 2002, fig. 8 ).
Experimental results obtained for the starting mixtures FETR 6-17-1 and 6-18-1 are listed in table 6 and shown in figure 10 . The growth of actinolite relative to hedenbergitic pyroxene could, as before, be determined by the relative intensities of the actinolite (310) to hedenbergitic pyroxene (2 21) because these are the two phases Table 5 Experimental reversal conditions and results for the FETR 11-3-1 starting mixture using the Co-CoO buffer a X-ray powder diffraction peak-height ratio [Act(151)/Hed(221)] of the starting mixture is 0.45 Ϯ 0.02 (1).
b Abbreviations: same as in Table 2 ; [ ] ϭ phase present in a minor amount (Ͻ5 wt%).
that contain the bulk of the Ca in the assemblage. The growth of grunerite was determined relative to fayalite by a comparison of the grunerite (310) to the fayalite (031). The intensity of the fayalite diffraction peak was corrected for the rapid reaction of magnetite plus quartz to fayalite by using the mass fraction of magnetite present in the sample obtained from Rietveld refinement, combining this mass of magnetite with quartz (which is in excess in these mixtures) to make a given mass of fayalite, finding a set of scale factors that reproduce the new mass fractions of phases via equation 56 of Snyder and Bish (1989) , and then calculating the new X-ray diffraction pattern. Independent of any uncertainties involved in this calculated correction to the powderdiffraction pattern, the ratio of the grunerite (310) to fayalite (031) is not a clean signal to use because the breakdown of actinolite also contributes to the growth of fayalite; however, this ratio appeared to provide the most reliable indication of the growth or breakdown of grunerite and was considered most reliable when measured well above the stability of actinolite. As with the results obtained for FETR 11-3-1, there was an extremely strong growth of grunerite at high pressures and low temperatures. This result is shown on figure 10 by the dashed boundary, which corresponds to the same region shown on figure 9. One additional observation is the lack of any clear reaction direction for the experiment at 1 kbar and 450°C in figure 10 . The lack of reaction at this temperature is not simply a matter of sluggish reaction kinetics because actinolite growth can be observed at the lower temperature of 412°C at 1 kbar. It will be suggested below that this point lies very close to one of the stable reaction boundaries involving ferro-actinolite. What is particularly striking about the experimental results presented in figures 9 and 10 is that both sets of experiments place reaction (1) at essentially the same P-T conditions. This result would not be expected for the experiments done in the presence of the IM/MW buffers ( fig. 10 ) because of the strong reduction in the activity of H 2 O that should exist under equilibrium conditions. For example, at 2 kbar and 500°C one can calculate from the thermodynamic data of Holland and Powell (1998) and the hydrogen-fugacity coefficients of Shaw and Wones (1964) that the fugacity of H 2 O in the presence of the IM oxygen buffer is 399 bars. At these same conditions the fugacity of pure water is 707 bars making the activity of H 2 O only 0.56. If the properties of ferro-actinolite are the same in both sets of experiments, the location of reaction (1) in figure 10 should lie 67°C lower at 2 kbar than that shown in figure 9 simply from the reduction in the activity of H 2 O. This location is obviously not the case and affirms the assertion by Chou and Cygan (1990) that the double-capsule buffering technique may not achieve equilibrium redox conditions in hydrothermal experimental systems. This phenomenon is also seen in the results of Ernst (1966) , where the actinolite stability curve is located at the same P-T conditions whether the experiments were done in the presence of the IM/MW or FMQ buffers. Because of the high partial pressures of Table 6 Experimental reversal conditions and results for the FETR 6-17-1 and 6-18-1 starting mixtures using the Iron-Magnetite or, above 550°C, the Wüstite-Magnetite buffers a X-ray powder diffraction peak-height ratio [Act(310)/Hed(221)] ϭ 0.35 Ϯ 0.02 (1 ) for starting mixture FETR 6-17-1, and the same ratio is 0.46 Ϯ 0.07 (1 ) for FETR 6-18-1. b X-ray powder diffraction peak-height ratio [Grun(310)/Fay(031)] ϭ 0.16 Ϯ 0.03 (1 s) for starting mixture FETR 6-17-1, and the same ratio is 0.26 Ϯ 0.06 (1 ) for FETR 6-18-1. These ratios have been corrected for the reaction of magnetite ϩ quartz to fayalite.
c Abbreviations: same as in Table 2. hydrogen that are required for the IM/MW buffer under equilibrium conditions and the diffusivity of hydrogen through gold over extended lengths of time (Chou, 1986) , it is suggested that the hydrogen fugacity of the experiments done with the IM/WM buffer changed to that near the Co-CoO, but below the FMQ, buffer where the activity of water is essentially unity.
thermodynamic treatment
The phase characterization and reaction reversal experiments presented above may be used to derive thermodynamic data for ferro-actinolite, which is the phase that is of principal interest in this study and the phase that is least-well understood in terms of its thermodynamic properties. In the following thermodynamic analysis, the main steps will be to (i) account for the mutual, but limited, Ca -Fe solid solution that occurs between grunerite and actinolite, (ii) determine the degree of internal consistency in the experimental reversal data using a GЈ versus T plot, (iii) use this same internal-consistency analysis to derive the enthalpy of formation (⌬H f o ) and third-law entropy (S°) of ferro-actinolite at the reference conditions of 298 K and 1 bar, and (iv) derive the ⌬H f o of grunerite for the case of Ca saturation. With these data it will be possible to calculate the entire array of univariant reaction boundaries around the invariant point depicted in figure 2, which includes the two additional reactions: 
and Fig. 10 . Experimental reversals for reactions (1) and (2) using the starting mixtures FETR 6-17-1 and 6-18-1 treated at the iron-magnetite/wü stite-magnetite oxygen buffer. Symbols are the same as in figure 9. Actinolite-Grunerite Miscibility Gap It is well established that natural actinolite-cummingtonite pairs display a small but measurable amount of Ca-Fe solid solution (for example, Robinson and others, 1982; Ghiorso and Evans, 2002) . In this study, the composition of actinolite, as discussed above, resulting from the average of four separate techniques is taken to be Ca The condition for equilibrium at a given pressure and temperature is:
where ⌬G°is the Gibbs free energy for the pure phases, R is the universal gas constant, T is temperature in Kelvins, and K a is the equilibrium constant for the reaction. Because both actinolite and grunerite have the same structure (C2/m), the endmember properties of Ca 2 Fe 5 Si 8 O 22 (OH) 2 (ϭ FC) are the same in both phases. Similarly, the end-member properties of Fe 7 Si 8 O 22 (OH) 2 (ϭ GR) are the same in both phases which sets the term ⌬G°equal to zero in equation 6. With mixing of Ca and Fe only on the M4 sites, the activities of FC and GR in an amphibole solid solution will be:
where a i M4 , X i M4 , and ␥ i M4 are the activity, mole fraction, and activity coefficient of cation i, respectively, on the M4 site. The activity coefficients were calculated using a two-component regular solution (symmetric solvus) treatment of the Ca -Fe mixing on the M4 site, that is:
where W is the interaction parameter in kJ. As one can see from the phase compositions listed above, the miscibility gap between actinolite and grunerite observed in this study may not be strictly symmetric. Unfortunately, there are insufficient data to warrant a two-parameter, asymmetric solvus treatment of the miscibility gap. Using equation 8 and a synthesis temperature of 425°C, a reasonably good fit to the data is obtained with an interaction parameter in the range of 14.3 to 15.3 kJ. The miscibility gap between coexisting actinolite and grunerite can be calculated by applying the thermodynamic expressions in equations 6, 7, and 8 to the exchange reactions in equations 5 to obtain:
Equations 9a and 9b were solved simultaneously for the two unknowns X Ca M4 in actinolite and X Ca M4 in grunerite over a range of temperatures to yield the symmetric miscibility gaps shown in figure 11 , one for each of the two W values. The larger interaction parameter (15.3 kJ) was adopted in this study because it fits both sides of the miscibility gap fairly well and it produces less change in the amphibole composition along its dehydration boundary, for which there was no evidence.
Internal Consistency of Experimental Reversals and S°and ⌬H f
o of Ferro-actinolite One can evaluate the Gibbs free energy change of a dehydration reaction over a range of pressures and temperatures with the expression:
where ⌬G, ⌬H, ⌬S, ⌬C P , and ⌬V are the Gibbs free energy, enthalpy, entropy, heat capacity, and volume change of reaction, respectively, f P,T H 2 O is the fugacity of water at the pressure and temperature (P,T) of interest, H 2 O is the molar coefficient of water, and K a is the equilibrium constant. The standard state is that of unit activity for the pure solids at the pressure and temperature of interest, the ideal gas at one bar and the temperature of interest, and values at the reference temperature (T o ϭ 298 K) and P o (ϭ 1 bar) are indicated by a superscript (°). One can re-arrange the terms in equation 10 as follows:
where all of the terms on the right-hand-side of equation 11a Chatterjee, 1977; Day and Kumin, 1980) . Once the entropy and enthalpy of reaction are known, one can calculate the entropy or enthalpy of formation of any individual phase so long as the properties of the other phases are known.
For reaction (1), the entropy and enthalpy of formation of ferro-actinolite are considered the least well known and will be determined relative to the other phases. The thermodynamic data used in this study are those given in Holland and Powell (1998) , with the exception of ⌬H f o , S°, which will be determined below, and V°of ferro-actinolite which was estimated to be 943.8 Ϯ 3 Å 3 , or 284.2 Ϯ 0.9 cm 3 /mol, as discussed above and shown on figure 7. Our analysis includes all aspects of the thermal expansivity, compressibilities of solids (Murnaghan equation of state), and heat capacity expressions, including the estimated values for ferro-actinolite, as well as the water fugacity equations and Landau theory for the pressure-dependence of the lambda transition in quartz, that were presented by Holland and Powell (1998) . As mentioned above, the actinolite is assumed to be saturated in Fe with its composition given by a symmetric solvus with grunerite (W ϭ 15.3 kJ), while the hedenbergitic pyroxene is assumed to have the (constant) composition of Ca 0.94 Fe 1.06 Si 2 O 6 and an activity of CaFeSi 2 O 6 in clinopyroxene of 0.94 (for example, Andersen and others, 1993) . Figure 12 shows the plot of GЈ versus T (Kelvin) for experiments that bracket the location of reaction (1). In figure 12 , the solid symbols correspond to the highesttemperature experiments where growth of actinolite was observed, while the open symbols represent the lowest temperature experiments where growth of hedenbergitic pyroxene was observed. The experiments from both figure 9 (circles) and 10 (squares) have been combined in figure 12 because there is virtually no difference in the placement of the reaction boundary between these two figures. It was suggested above that this near coincidence of temperatures is the result of the failure of the IM buffer to maintain the high partial pressure of hydrogen that is required at equilibrium and that the IM buffer effectively degraded to that of a lower fH 2 (higher f O 2 ) buffer. Accordingly, the activity of H 2 O was considered to be unity for all of the experimental data shown in figure 12 . The short solid lines connect bracketing experiments at a given pressure. One can see that it is possible to fit at least one straight line through all of the brackets, and therefore these data display internal consistency. The dashed line shows what is considered to be the best fit to the experimental brackets, which is the result of a linear regression to the mid-points of all of the experimental brackets and, presumably, should lie on or very close to the reaction boundary. The slope and intercept of this line is 0.17106 Ϯ 0.012 kJ/K and -93.604 Ϯ 9.4 kJ, respectively. The dotted line is the line of minimum slope that one can draw through all of the brackets and has a slope and intercept of 0.14966 kJ/K and -76.968 kJ, respectively. The dash-dot boundary shows the line of maximum slope that can be fitted to the data that has a slope and intercept of 0.22733 kJ/K and -137.364 kJ, respectively. From the relationships:
and using the values of S°and ⌬H f o for all phases except ferro-actinolite from Holland and Powell (1998) with the molar coefficients i , one can derive the preferred (dashed line) values of 696.4 J/K ⅐ mol and -10,518.2 kJ/mol for S°and ⌬H f o , of ferroactinolite, respectively. The line of minimum slope (dotted line) gives values of 717.8 J/K ⅐ mol and -10,501.6 kJ/mol for S°and ⌬H f o , respectively, which is the maximum entropy allowed, while the line of maximum slope (dash-dot) gives values of 640.1 kJ/K and -10,562.0 kJ for S°and ⌬H f o , respectively. Although this range of values is large, which is a direct result of the limited pressure-temperature range of the experimental reversals relative to the size of the experimental brackets, these values represent the extreme range of S°and ⌬H f o allowed by the experimental data. It should be noted that one obtains essentially the same preferred values of S°and ⌬H f o if the above analysis is done using only the experiments run in the presence of the Co-CoO buffer.
It is recognized that assessment of the properties of ferro-actinolite by considering the phases involved in only one reaction boundary is not strictly correct: one must use all of the phases and reactions involved in the corresponding chemical sub-system of the entire database to obtain truly internally-consistent values. However, it is also recognized that reaction (1) is the primary basis for determining the thermodynamic properties of ferro-actinolite and that inclusion of the remainder of the database will cause only minor adjustments to the values derived here.
Calculated Invariant-point Array Involving Grunerite
Using the preferred values of S°and ⌬H f o derived above for ferro-actinolite along with equation (8), one can calculate the location of reaction (1) in pressuretemperature space by determining the temperature at which ⌬G goes to zero at a given pressure. This boundary is shown as the solid curve in figure 9 and the lowertemperature solid curve in figure 10, ϭ 0.94). The entire array of univariant curves shown schematically in figure 2 can be calculated if thermodynamic data for grunerite are included. Komada and others (1995) reported the third-law entropy of a natural grunerite that they measured using adiabatic calorimetry. As discussed by Ghiorso and Evans (2002) , it appears that Komada and others (1995) incorrectly reported the composition of the natural grunerite which led to a value of S°that is over-corrected for the amount of ferric iron. Ghiorso and Evans (2002) performed their own corrections to the raw value of 698.23 J/K ⅐ mol measured by Komada and others (1995) to obtain a value of 724 J/K ⅐ mol. This value is essentially the same as the value of 725 J/K ⅐ mol determined from the experimental study on grunerite reported by Lattard and Evans (1992) ; we have adopted the latter value for this study. The enthalpy of formation for the Ca-saturated grunerite encountered in this study was derived from the experiments shown in figure 10 by rearranging equation (10) to solve explicitly for the ⌬H f o of grunerite for reaction (2). The thermodynamic data for fayalite, quartz, water, and all but the entropy of grunerite were taken from Holland and Powell (1998) . The mixing of Ca and Fe on the M4 site is again modeled as a regular solution with W ϭ 15.3 kJ. From figure 10 it can be seen that reaction (2) is located at 515°C at 1 kbar, 535°C at 2 kbar, and 585°C at 5 kbar, which gives an average value of ⌬H f o for grunerite of -9614.1 ϩ 0.2 kJ/mol. This value is in close agreement with that reported by Gottschalk (1997) and by Holland and Powell (1998) .
Combining the thermodynamic data derived here for actinolite and grunerite with the data for all of the other phases from Holland and Powell (1998) , it is possible to calculate the entire invariant-point array. This array is shown in figure 13 . Three things are immediately apparent: (a) reaction (1) (ϭ grunerite-absent reaction) is metastable at all temperatures and pressures on this diagram with respect to the actinolite-breakdown boundaries defined by reactions (3) and (4); (b) the invariant point, if it exists, must occur at a very low pressure, probably well below 1 bar, and (c) the relative location of each boundary obeys Schreinemakers analysis as shown in figure 2. We can return to the experiment mentioned above that showed no reaction at 450°C and 1 kbar in figure 10 as offering some evidence in support of the calculated array. One can see in figure 13 that this point lies close (within 18°C) to the calculated boundary for reaction (4), which would account for the lack of reaction between actinolite and hedenbergitic pyroxene at these conditions.
DISCUSSION
Comparison with Earlier Studies
Shown in figure 14 is a comparison of the results obtained in this study with the experimental curve of Ernst (1966) and the calculated boundaries recently reported by Ghiorso and Evans (2002) . Of particular interest is the steeper slope of reaction boundary (1) determined in this study (solid curve) compared to the shallower slope determined by Ernst (1966) (long dashes). The steeper dP/dT slope for boundary (1) produces a smaller entropy for ferro-actinolite and the correct relative locations for the other reaction boundaries ( fig. 13) .
The calculated location of reaction (1) reported by Ghiorso and Evans (2002) (short dashes) for the phases involving the equilibrium solid-solution compositions lies approximately 70°C above the boundary determined in this study. Ghiorso and Evans (2002) recognized this discrepancy based on the preliminary results reported by Jenkins and Bozhilov (1999) and Jenkins (2000) and suggested that this difference originates with the composition of the synthetic actinolite formed in this study. They propose that, for kinetic reasons, ferro-actinolite is prevented from reaching the calculated equilibrium composition of 7 mol% GR and is restricted to the spinodal composition, which they calculate to be 21 mol% GR at 500°C. The observed actinolite composition of 16 ϩ 12 mol% GR encompasses the calculated spinodal composition; however, the difference in Gibbs free energies for an amphibole with 7 versus 21 mol% GR component for a regular binary mixture with W ϭ 19.5 (Ghiorso and Evans, 2002) is about 0.6 kJ which would shift the position of boundary (1) about 10 degrees lower in temperature and not 70°C as observed here. Nevertheless, this study illustrates that the actinolite that forms during the synthesis of ferro-actinolite retains a relatively large spread of compositions ( fig. 6 ), despite synthesis times of up to 4204 hours (table 3), and that this large spread of compositions must contribute some bracket-broadening or bracket-shifting effects.
One can consider other possible factors, such as the small grain size of ferroactinolite (average width of ϳ 0.1 -0.5 m for this study) and attendant high surface energies, to account for the differences between the placement of reaction (1) of this study and that of Ghiorso and Evans (2002) . However, any analysis that one pursues in terms of grain size effects on the placement of the boundary for reaction (1) should also be applied to the placement of the boundary of reaction (2) defining the upper-thermal stability of grunerite. For example, the calculated boundary for reaction (2) by Ghiorso and Evans (2002) lies within the experimental boundary reported by Lattard and Evans (1992) at 2 kbar based on synthetic grunerite, yet the grain size of their synthetic grunerite is clearly much smaller than natural grunerite and appears comparable in width to the actinolite of this study (Lattard and Evans, 1992, fig. 2 ). The ultimate goal of achieving a set of thermodynamic data that are in agreement with the observed cation-site ordering and bulk compositions of coexisting amphiboles within the amphibole quadrilateral as well as with the observed stabilities of the quadrilateral end-members in the P-T plane may require a careful consideration of grain-size differences as well as the sorts of problems that were discussed in this study, such as the large spread of synthetic amphibole compositions and the inability to maintain very-low oxygen fugacity buffers, for all of the experimental studies involved.
Stability of Ferro-actinolite in Nature
The most striking feature about figures 13 and 14 is that reaction (1) investigated here and by Ernst (1966) is metastable at all geologically feasible pressures. Experimen- Fig. 14 . Comparison of the results obtained in this study for reaction (1) (solid curve, this study) with that obtained by Ernst (1966) [long-dashed curve, E(1966) ] and the curve calculated by Ghiorso and Evans (2002) [short-dashed curve, GE(2002) ]. Also shown is the curve for reaction (3) calculated by Ghiorso and Evans (2002) (dash-dot curve) indicating the location of the invariant point at about 1.25 kbar and 570°C.
tal investigation of reaction (1) is only possible because of the sluggish nature of grunerite nucleation and growth at pressures below 3 kbar. The upper-thermal stability of actinolite in nature will be controlled by reaction (3) in quartz-bearing rocks, if equilibrium is achieved. Figure 15 shows the locations of reactions (1), (3), and (4) relative to the metamorphic facies boundaries given by Spear (1995) , where it can be seen that the upper-thermal stability of ferro-actinolite defined by reaction (3) occurs primarily inside the greenschist facies with a maximum thermal stability of ϳ 480°C at 2 kbar. Natural (Mg-bearing) ferro-actinolite-rich amphiboles appear to occur at slightly higher metamorphic grades than what is indicated by figure 15 . The first occurrence of actinolite in metamorphosed iron formations usually correlates with the appearance of garnet in pelitic rocks at the very upper-greenschist to epidoteamphibolite facies (for example, James, 1955; Haase, 1982) . The slightly higher metamorphic grade inferred from field relationships may well be related to the presence of minor amounts of Mg in the actinolite that will act to increase its thermal stability. Based on figure 15 , the last occurrence of pure ferro-actinolite would be near the greenschist-to-epidote-amphibolite facies transition along the intermediate P/T facies series or near the greenschist-to-amphibolite facies transition along the low P/T facies series (Spear, 1995, p. 18) . It is of interest to note the wide spread occurrence of grunerite in metamorphosed iron formations, which occurs, for example, in the carbonate-, silicate-, and oxide-facies of the iron formations in northern Michigan Fig. 15 . Comparison of the location of reaction boundaries (1), (3), and (4) determined in this study with a portion of the metamorphic facies grid published by Spear (1995) . The stable upper-thermal stability of ferro-actinolite is defined by reaction (3) rather than reaction (1) (dashed), which restricts ferroactinolite largely to the greenschist facies. (James, 1955) as well as in many other metamorphosed banded iron formations (for example, Floran and Papike, 1978; Haase, 1982; Mueller, 1997) . The ease with which grunerite grows in this study, especially above 3 kbar, may reflect the ease with which grunerite nucleates and grows in nature. Finally, reaction (3) also indicates the relative thermal stabilities of grunerite and ferro-actinolite when one overgrows the other. For example, the occurrence of actinolite overgrowing grunerite in the gold-bearing Archean banded iron formation in the Southern Cross greenstone belt of Western Australia (Mueller, 1997) places an upper-boundary of ϳ 480°C on the temperature of this ore-forming hydrothermal event based on this study.
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